The negative effects of socioeconomic disadvantage on lifelong functioning are pronounced, with some evidence suggesting that these effects are mediated by changes in brain development. To our knowledge, no research has investigated whether parenting might buffer these negative effects.
T he effects of socioeconomic disadvantage on lifelong functioning are pronounced, with negative effects thought to begin in childhood or adolescence.
1 A number of studies have sought to identify neurobiological factors that may mediate these effects and have documented associations between socioeconomic disadvantage (particularly poverty) and brain structure, with widespread alterations identified in the subcortex and frontal, parietal, and temporal cortices. 1 Numerous processes might affect the association between socioeconomic disadvantage and neurobiology. Socioeconomic disadvantage may affect parenting quality and, in turn, child brain development. 2 Alternatively, caregiving behaviors may serve to protect children from the effects of disadvantageous experiences. 3 Little is known about the buffering effects of caregivers on neurobiology in adolescence, a critical period of development that sets the stage for functioning across the lifespan. 4 Also, the effect of socioeconomic disadvantage on structural brain development across adolescence has received little attention (eAppendix in the Supplement), and to our knowledge, no research has investigated whether positive parenting buffers these effects. Given the large numbers of children affected by socioeconomic disadvantage, 1 such investigations are crucial for identifying modifiable targets for intervention. The primary aim of this study was to investigate the potential buffering role of positive parenting on the effects of socioeconomic disadvantage on adolescent brain development. Our previous work 5 demonstrated that positive parental behavior protects against psychopathology and promotes cognitive function and optimal brain developmental trajectories. We hypothesized that positive parenting would moderate the effects of socioeconomic disadvantage on brain development and that these brain developmental trajectories would, in turn, be associated with aspects of adolescent functioning relevant to trajectories of health and well-being. 6 Despite evidence that family-level vs neighborhoodlevel socioeconomic measures have different effects on neurobiology and other outcomes in adults, 7 to our knowledge, no previous studies in adolescents have investigated their differential effects. A secondary aim of this study was to assess the neurodevelopmental effects of family (parental incometo-needs, occupation, and education level) and neighborhood socioeconomic disadvantage. Finally, given evidence that environmental factors may have sex-specific effects on brain development, 8 we investigated sex differences in all analyses.
Methods

Participants and Recruitment
The sample was derived from a larger Australian longitudinal cohort of 2453 adolescents. 9 Briefly, 177 adolescents from the general community in Melbourne, Australia, completed magnetic resonance imaging (MRI) scans at 1 to 3 times (at average ages of 13, 17, and 19 years) . At the baseline assessment, adolescents also participated in mother-child interaction tasks.
Based on visual inspection of processed MRI data, 9 participants were excluded owing to poor MRI image quality and parcellation. In addition, 2 participants with full-scale IQ scores lower than 70 were excluded from analyses. Following exclusions, 166 participants aged 11 to 20 years were available for analysis. Of these, 73 participants (44.0%) had 3 scans, 55 (33.1%) had 2 scans, and 38 (22.9%) had 1 scan (Table) . The research was approved by the human research ethics committee at The University of Melbourne, and written informed consent was obtained from each child and a parent/guardian.
Socioeconomic Disadvantage
Four measures of socioeconomic disadvantage were used. First, parental occupation status was assessed based on the Australian National University Four scale, 10 which draws on national census data (compulsory for all Australian households) and classifies occupations by skill level and occupation type. Second, parental education level was also assessed using the Australian National University Four scale. Note that for 2-parent families, the highest ranked occupation and education level was used. Third, income-to-needs was measured based on reported family income relative to the relevant Australian poverty line for household size. Finally, we measured neighborhood socioeconomic disadvantage based on the 2006 Socio-Economic Indexes for Areas Index of Relative Socioeconomic Disadvantage, a region-based socioeconomic index that summarizes a range of information from national census data about the economic and social conditions of people and households within small geographical areas (approximately 250 homes). Percentiles were used for analyses, and high-percentile scores indicate relatively greater neighborhood disadvantage (eMethods 1 and eTable 1 in the Supplement).
Family Interaction Assessment and Measures
Adolescents and mothers completed laboratory-based interactions at the first assessment. Mother-adolescent dyads completed two 20-minute interaction tasks that were video recorded for subsequent coding. An event-planning interaction was completed first, followed by a problem-solving interaction (PSI). The Living in Family Environments coding system was used to code verbal and nonverbal maternal behavior from
Key Points
Question Does positive parenting buffer the effects of neighborhood-level and family-level socioeconomic disadvantage on adolescent brain development?
Findings In this longitudinal study of 166 adolescents, positive parenting moderated the effect of socioeconomic disadvantage on the development of the amygdala and prefrontal cortex. Prefrontal cortex development was in turn associated with school completion.
Meaning While socioeconomic disadvantage has established negative mental health and other outcomes, the family environment may serve to mitigate some of these effects via effects on the developing brain. 
MRI Acquisition and Processing
Note that different scanners were used at the first (Signa Horizon LX Human; General Electric Company) vs second and third (MAGNETOM Trio, A Tim System; Siemens) imaging times. An interscanner reliability assessment showed no interscanner bias (eFigure 2 in the Supplement). Cortical reconstruction was performed using the longitudinal stream of FreeSurfer version 5.3. 11 Cortical thickness values were automatically quantified within FreeSurfer on a vertex-wise basis. Subcortical volumes were estimated using an automated subcortical segmentation procedure (eMethods 3 in the Supplement).
Outcome Measures
The Children's Global Assessment Scale 12 was administered via interview during late adolescence to assess current global functioning (eMethods 4 in the Supplement). During late adolescence, information was also collected pertaining to academic functioning via interview, including 12th grade completion and Australian Tertiary Admission Rank scores (a percentile ranking of high school graduates' final assessment performance).
Statistical Analysis
For cortical thickness, vertex-wise analyses were conducted using SurfStat, a statistical toolbox for MATLAB (http://www .math.mcgill.ca/keith/surfstat/). Linear mixed models were used to assess associations between socioeconomic disadvantage measures and cortical thickness development with age. Mixed-effects models permit the use of all available data in unbalanced data sets, thus improving the statistical power to detect effects. 13 For each vertex of the cortical reconstruction, we fitted full analytic models to investigate the interaction between socioeconomic disadvantage and age. Subsequent analysis investigated whether there were sex differences in the interactive effect of social disadvantage and age on cortical thickness (eMethods 5 in the Supplement). Although estimated full-scale IQ (assessed at baseline using a short form of the Wechsler Intelligence Scale for Children 14 ) was associated with indices of social disadvantage, it was not included as a covariate in analyses owing to methodological and theoretical issues with doing so. 15 Cortical analyses were corrected for multiple comparisons at a whole-brain level using a random field theory at 0.01 (to account for the 4 types of disadvantage) and a cluster-forming vertex-wise threshold of P < .001. For subcortical volumes (left and right amygdala, hippocampus, caudate, putamen, pallidum, thalamus, and nucleus accumbens), analyses were conducted in R version 3.3.1 (The R Foundation), and results were considered significant at P < .01 (corrected for multiple comparisons [14 regions × 4 disadvantage variables] using a false discovery rate). 16 Similar linear mixed models as described for cortical thickness were used to analyze the data, with separate models used for each region.
Moderating Effect of Positive Maternal Behavior
For each vertex of the cortical reconstruction and each subcortical region of interest, we fitted full analytic (linearmixed) models to investigate the interaction between socioeconomic disadvantage, positive maternal behavior, and age. Separate models were run for positive behavior during the PSI and event-planning interaction. Subsequent analysis investigated possible sex differences. Analyses were corrected for multiple comparisons. All models were run with mean-centered variables. For all models yielding significant results, models were rerun controlling for the other socioeconomic disadvantage variables (and their interactions with age, sex, and maternal positive behavior where relevant).
Outcomes
For any brain regions where development was predicted by socioeconomic disadvantage or its interaction with positive parenting, mediation or moderated mediation analyses were used to test whether brain development in turn predicted late adolescent outcomes (Children's Global Assessment Scale score, school completion, and Australian Tertiary Admission Rank score). A bootstrapping method was used to test the significance of indirect (mediation) effects. Five thousand resamples were taken, and 95% CIs were used. Significant mediation is indicated if the CIs do not contain zero.
Results
Demographic characteristics are shown in the Table. Associations between demographic and other variables of interest are shown in eTable 2 in the Supplement.
Effects of Socioeconomic Disadvantage on Brain Development
Parental Education, Occupation, and Income-to-Needs There were no significant main effects or age-moderated or sexmoderated effects of parental education, occupation, or income-to-needs on cortical thickness or subcortical volumes.
Neighborhood Disadvantage
Greater neighborhood disadvantage was associated with increased thickness in the right middle temporal gyrus and temporal pole across age (eFigure 3, eTable 3, and eTable 4 in the Supplement). However, longitudinal effects were considerably more pronounced. In regions including the bilateral middle and inferior temporal gyri, temporal pole, fusiform gyrus, and right parahippocampal gyrus, where we have previously reported normative thickening longitudinally, 17 greater neighborhood disadvantage was associated with relatively increased cortical thickening ( Figure 1 and Figure 2 ). Greater neighborhood disadvantage was also associated with greater increases in left and right amygdala volume longitudinally (left: B, −0.237; SE, 0.062; P < .001; right: B, −0.209; SE, 0.078; P = .008). Sex moderated the association between 
Moderating Effect of Positive Maternal Behavior on Association Between Disadvantage and Brain Development
Parental Education, Occupation, and Income-to-Needs Positive maternal behavior during the PSI moderated the effect of parental occupation on development of the left amygdala (B, 0.382; SE, 0.132; P = .004). In adolescents with parents with relatively low-status occupations (B, −7.631; SE, 3.738; P = .04), higher (relative to lower) levels of positive maternal behavior were associated with attenuated left amygdala growth. In adolescents with parents with high-status occupations (B, 7.948; SE, 3.919; P = .05), higher (relative to lower) levels of positive maternal behavior were associated with accelerated left amygdala growth ( Figure 3 ). Positive maternal behavior during the PSI also moderated the effect of parental income-to-needs on development of the right amygdala in a sex-dependent manner (B, 27.741; SE, 9.544; P = .004). Separate analyses by sex showed that the effect was significant in males (B, −21.685; SE, 8.484; P = .01) but not females (B, 6.208; SE, 4.920; P = .21). In boys with relatively low income-to-needs, higher (relative to lower) levels of positive maternal behavior were associated with relatively increased amygdala volume longitudinally ( Figure 3 ). Note that controlling for neighborhood disadvantage (and its interaction with age and positive maternal behavior) did not change results.
Neighborhood Disadvantage
There were significant sex differences in the association between maternal positive behavior during the PSI and its moderating effect in attenuating the effect of neighborhood disadvantage on brain development. Specifically, this was associated with development of thickness in the right lateral orbitofrontal cortex (lOFC) and dorsal frontal cortex, regions for which we have previously reported normative thinning longitudinally ( Figure 4 ). 17 Similar effects were found for maternal positive behavior during the event-planning interaction (eFigure 6 in the Supplement). Note that controlling for family disadvantage (and its interaction with age, sex, and positive maternal behavior) did not change results. There were no effects for subcortical volumes. After extracting average thickness from the right lOFC and dorsal frontal clusters, follow-up analyses showed that effects were significant in males (lOFC: B, 0.001; SE, 0.0004; P = .005; dorsal frontal: B, 0.001; SE, 0.0004; P = .002) but not females (lOFC: B, −0.0005; SE, 0.0003; P = .08; dorsal frontal: B, −0.0007; SE, 0.0004; P = .07). In males, for both lOFC and dorsal frontal cortex, the effect of positive maternal behavior was more pronounced in those with higher levels of neighborhood disadvantage (lOFC: B, −0.032; SE, 0.014; P = .03; dorsal frontal: B, −0.046; SE, 0.012; P < .001) compared with those with lower levels of neighborhood disadvantage (lOFC: B, 0.013; SE, 0.012; P = .22; dorsal frontal: B, 0.028; SE, 0.013; P = .03) ( Figure 3 ). Specifically, positive maternal behavior was associated with greater relative thinning with age in male adolescents within the context of higher neighborhood disadvantage (such that trajectories more closely resembled those with low levels of disadvantage). Brain developmental trajectories are depicted for right amygdala volume (A), right parahippocampal cortex thickness (B), and right inferior temporal cortex thickness (C) for adolescents with relatively high and low neighborhood disadvantage. The slopes represent the average trajectories for high and low groups based on a median split of the Index of Relative Socioeconomic Disadvantage. Note that the amygdala finding is specific to males. We found normative thickening of temporal cortical regions in the sample 17 ; while this finding is inconsistent with some previous reports, it is consistent with others. 18 Individual developmental trajectories are depicted in eFigure 4 in the Supplement.
Research Original Investigation
Socioeconomic Disadvantage, Brain Development, and Positive Parenting 
Discussion
In this longitudinal study of adolescents aged 11 to 20 years, we found that neighborhood but not family socioeconomic disadvantage was associated with brain development, predominantly in the temporal lobes. Further, positive parenting moderated the effects of socioeconomic disadvantage on adolescent development of the amygdala and frontal cortex, particularly in males. In the context of relatively high socioeconomic disadvantage, positive parenting predicted developmental trajectories of the dorsal frontal and lateral orbitofrontal cortices and amygdala that resembled those in adolescents with lower levels of socioeconomic disadvantage. The pattern of dorsal frontal cortical development in adolescent males with high social disadvantage and low maternal positivity, which was characterized by reduced cortical thinning, in turn predicted increased rates of school noncompletion. Neighborhood socioeconomic disadvantage was found to have more prominent effects on brain cortical development than did family indicators of disadvantage. This is consistent with some research that has found associations between neighborhood socioeconomic disadvantage and cognitive outcomes independent of family indices of disadvantage. 7 High neighborhood disadvantage was also associated with relatively increased volume of the amygdala with age and increased thickening of the temporal cortex with age, including the middle and inferior temporal gyri and parahippocampal and fusiform gyri. These temporal lobe findings are consistent with previous reports linking socioeconomic disadvantage and brain structure in children and adolescents 19, 20 (including, to our knowledge, the only other study to date to investigate the association between socioeconomic disadvantage and cortical thickness development 21 ) and with other research showing early stress to affect temporal lobe structure. 22 We have previously reported 17 normative thickening of the temporal cortex in this sample; while consistent with some research, 18 this finding is at odds with much research showing normative temporal lobe thinning across adolescence. [23] [24] [25] Given the current inconsistencies in the literature and the fact that the development of these temporal regions was not associated with late adolescent outcomes in our analyses, the Research Original Investigation Socioeconomic Disadvantage, Brain Development, and Positive Parenting functional significance of our findings are unclear. Nevertheless, given the known functions of these brain regions, 26, 27 findings suggest that relatively high neighborhood disadvantage may affect responsivity to stress/threat processing, memory, and/or language. Indeed, localized findings within the temporal lobe are consistent with reports linking socioeconomic disadvantage to functions ascribed to these brain regions. Socioeconomic disadvantage has been associated with poorer language development, believed to result from reduced environmental exposure to language. 28 Thus, our findings identify a plausible neural mechanism that could partially explain the enduring nature of the effects of socioeconomic disadvantage on stress responsivity, language deficits, and other temporal lobe-mediated functions. While other research suggests that socioeconomic disadvantage may exert its effects on brain development via parenting behavior, 2 we found that socioeconomic disadvantage was not associated with our measure of positive parenting but rather that positive maternal parenting had a moderating effect on the association between family disadvantage and amygdala development and a buffering effect on the effect of neighborhood disadvantage on cortical development in males. While amygdala trajectories did not predict any of the functional outcomes examined in this study, prior work suggests that the pattern of amygdala development observed here in adolescents with relatively high occupational disadvantage and low levels of maternal positive behavior (ie, increased volume with age) may be associated with emotion dysregulation. 29 The pattern was reversed in males in relation to income-to-needs. Regarding our parenting findings, the frontal cortical regions implicated continue to show maturational change during adolescence (normative thinning across this age period is a consistent finding both in our work 17 and in other samples [23] [24] [25] ) and are important for emotion processing and executive functioning. 30 Much research supports a negative effect of socioeconomic disadvantage on executive functions 31 and on emotion regulation processes. 32 Our findings suggest that positive parenting practices might protect male children who have grown up in relatively socioeconomically disadvantaged neighborhoods from experiencing such environmentally related neural changes. The results of mediation analyses supported an interpretation of accelerated frontal cortical thinning as being one neural mechanism by which positive parenting may buffer the effects of high neighborhood disadvantage on poor functional outcomes (eg, school noncompletion). Of note, we and others have found accelerated cortical thinning during adolescence to be associated with more adaptive individual characteristics 33 and have suggested that accelerated cortical thinning may be due to dynamic synaptic reorganization and/or continued intracortical myelination. 17 It is unclear why some of our findings were malespecific. One possibility is that the male frontal cortex may be more susceptible to positive environmental influence during adolescence owing to its relative immaturity compared with females. 17 Further, given evidence that deficits in frontal lobemediated executive functions are associated with behavioral problems, which is in turn associated with school dropout in males, 34 it is possible that our findings reflect a sociobiological pathway specific to males.
Limitations
Our study had limitations, including single assessments of parenting and socioeconomic disadvantage measures, our inability to assess effects earlier than adolescence, and the use of 2 MRI scanners.
Conclusions
Despite the limitations of this work, to our knowledge, this study presents the first evidence that positive parenting practices might buffer the negative effects of socioeconomic disadvantage on brain development and specific aspects of adaptive functioning during adolescence. Our findings also highlight the importance of disadvantage at the neighborhood level in influencing brain development trajectories. Importantly, in this study, socioeconomic disadvantage was not associated with our measures of positive parenting. As such, we have identified a type of parenting behavior that is not intrinsically tied to disadvantage and thus represents a modifiable target for intervention to scaffold optimal brain development within the context of socioeconomic disadvantage. 1 found that low parental income predicted reduced growth trajectories for total, frontal and parietal gray matter volumes from infancy to midchildhood. Hair et al. 2 , in children and adolescents aged 4 to 22, found that low parental income was associated with a maturational lag in the volumetric development of the frontal and temporal lobes and hippocampus. Although not using longitudinal methodology, Noble et al. 3 , in a cross-sectional sample of children and adolescents aged 5 to 17, found increasing parental education-related differences with age in superior temporal and inferior frontal gyri volume. In the only study to investigate associations between SES and cortical thickness development, Piccolo et al. 4 found that higher SES (parental income and education) was linked with steeper age-related decreases in temporal cortical thickness in adolescence.
eMethods 1. Measures of socioeconomic disadvantage
Australian National University Four (ANU 4 ) Scale of Occupations Of note, the measure of occupation status used in the current study was based on optimal scaling procedures, whereby scores were assigned to occupations in such a way as to maximize the role of occupation as an intervening variable between education and income (rather than using prestige as the criterion for weighting education and income). This approach remains the state-of-the art approach for the continuous scaling of occupations and has also been used to generate national socioeconomic indices in countries such as New Zealand 5 .
Income-to-needs
Income-to-needs ratio was measured based on reported family income relative to the relevant Australian poverty line for household size. , rather than exact amounts, were assessed due to sensitivities around inquiring about exact figures. The mid-point of income brackets < $104,000, and a Pareto estimate 6 for the "$104,000+" bracket, was used to calculate family income. For 38 families, where two parents were living in the home, income was only obtained from one parent. For these families, income of the missing parent was deduced from occupation based on national median salary scales. The income-to-needs ratio was not calculated for single parent families where parent income was not reported, and for two parent families where income was not reported by at least one parent and/or occupation for the other parent was not reported. Poverty lines were based upon the Melbourne Institute Labour Economics and Social Policy quarterly publication, "Poverty Lines: Australia" (https://melbourneinstitute.com/miaesr/publications/indicators/poverty-linesaustralia.html), for the December 2011 quarter. This is a standard reference material for social welfare policy in Australia. Minimum income levels required to avoid a situation of poverty are presented for a range of family sizes and circumstances. The income-to-needs ratio was calculated as parental income/poverty line (derived for single or couple, + number of children).
Socio-Economic Indexes For Areas (SEIFA) Index of Relative Socio-economic Disadvantage (IRSD)
The SEIFA-IRSD 7 is a summary measure of a group of characteristics related to relative socioeconomic disadvantage in a given geographical area based upon household's responses to a compulsory national population and household census conducted every five years by the Australian Bureau of Statistics (ABS). In SEIFA, principal components analysis is used to create a summary measure of a group of characteristics for each index. The IRSD item descriptions, variable loadings and weights are provided in eTable 1. The IRSD scores used here were based on the 2006 census, as is the most proximal to the maternal parenting assessment. The smallest area for which SEIFA data is available from the 2006 census is the Census Collection District (CD), which is equivalent to a group of suburban blocks, roughly 250 households in an urban area. Participant's residential addresses at the Time 1 assessment were geocoded (i.e., longitude and latitude) and matched to the 2006 CD areas using a cloud-deployed commercial geomapping service (Callpoint Spatial Pty Ltd).
The IRSD scores for each CD were then extracted from ABS data, which are publically available online. Four participant addresses were unable to be geocoded to the specific address provided, as no corresponding physical address was on record: two addresses were unable to be matched at the street level, and post code level average IRSD was used in these cases; and, two addresses could not be matched at the street number level, and street level IRSD was used in these cases.
Note that area based measures are useful for the investigation of contextual effects of the socioeconomic environment. There is a wealth of empirical evidence that the social environment, including neighborhood characteristics, has a strong influence on child development, independent of the individual family situation (for a review see Sellström and Bremberg 8 ). Further, while research has shown that family measures such as income-to-needs may be more predictive than neighborhood disadvantage for some child outcomes, for others, these measures may have equal (but unique) effects. It has been shown that there are contextual effects of area of residence on achievement for example, that are not captured by family-level measures. 
Family interaction assessment and measures
Adolescents and mothers completed the lab-based interaction assessment at T1. Mother-adolescent dyads completed two 20-min interaction tasks that were video recorded for subsequent coding. An event-planning interaction (EPI) was completed first, followed by a problem-solving interaction (PSI). The EPI and PSI tasks were intended to differentially elicit positive and negative behavior, respectively. For the EPI, mothers and adolescents were instructed to plan one or more pleasant activities to do together, with up to five activities chosen on the basis of items that both the mother and adolescent rated as being "very pleasant" on the Pleasant Events Schedule. 11 For the PSI, mother-adolescent dyads were instructed to try to resolve one or more issues of disagreement, with up to five issues selected that the mother and adolescent endorsed as occurring the most frequently and generating the highest intensity of anger on the Issues Checklist.
12
Living in Family Environments (LIFE) coding system
The LIFE 13 is an observational, microsocial coding system that allows for a detailed analysis of individual family members' behaviors. The LIFE system consists of 10 nonverbal affect codes (e.g., anger, dysphoria, happy) and 27 verbal content codes (e.g., validation, complaint, provoke). To code the video-recorded interactions, we used an event-based protocol in which new codes were entered each time the affect or content of one of the interactants changed. The affect and content codes were used to develop a composite positive interpersonal behavior construct (for the EPI and PSI separately). The positive construct included all behaviors with happy or caring affect as well as approving, validating, affectionate, or humorous comments made with neutral affect. We used the LIFE data to construct a frequency variable to measure maternal expression of positive emotion. These variables indicate the average number of times a mother expressed positive behavior per minute and were calculated separately for the EPI and PSI. Coders were extensively trained and blind to the clinical and demographic characteristics of the participants. Approximately 20% of the interactions were coded by a second observer to provide an estimate of observer agreement. The Kappa reliability coefficient for the positive construct was 0.86.
Validity of family interaction assessment and measures
Observational research is suggested to be the gold standard by which parents' responses to their children's emotions can be measured 14, 15 , offering several advantages over self-report measures. First, behavioral observations provide a more objective and relatively 'natural' assessment of behavior 16 . Second, observational methods may be less influenced by social desirability because participants have less control over the content of behavior that is observed in such paradigms 16 . Third, observational methods enable the recording of behavior of which the participant may not be consciously aware or able to report on, such as non-verbal behavior 16 .
The validity of the specific observational setting and coding system used in this study has been demonstrated previously. For example, in other work with this and other samples, we have shown that the frequency of parental negative and positive behaviors are significantly associated with maternal expressed emotion 17 , maternal temperament 18 , and adolescent emotion regulation 19 and autonomic responses 20 as well as mental health outcomes, including depression and anxiety (e.g. 21, 22 ). Images were transferred to an SGI/Linux workstation for morphometric analysis.
Cortical reconstruction was performed using the FreeSurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu/). Cortical thickness values were automatically quantified within FreeSurfer on a vertex-by-vertex basis by computing the average shortest distance between the white matter boundary and the pial surface. 23 Surface boundaries were visually inspected by a trained rater and, if necessary, errors due to segmentation miss-classification were manually corrected and re-processed. Subcortical volumes were estimated using an automated subcortical segmentation procedure that involves the assignment of a neuroanatomical label to each voxel in a MRI volume using a probabilistic atlas and Bayesian classification rule for label assignment. Subcortical segmentation output was visually inspected for accuracy by an individual trained in neuroanatomy. In order to address issues arising from longitudinal and/or multisite studies (such as geometric distortion and voxel dimension drift), images were processed through the longitudinal stream of FreeSurfer version 5.3, 24 which creates a within-unbiased subject template space and average image from both time points using robust, inverse consistent registration. 25 The template is used as an estimate to initialize subsequent segmentation processes in the longitudinal stream for each time point, providing common information regarding anatomical structures. This process significantly improves the repeatability and power of cortical measurements, having superior robustness with respect to noise, intensity scaling and outliers when compared to alternate registration tools. 26 All FreeSurfer image processing was conducted on a high performance computing facility at the Melbourne Neuropsychiatry Centre, Melbourne, Australia.
Interscanner reliability
Given that different scanners were used at the first vs the second and third MRI assessment, a reliability analysis was undertaken to address concerns that changes in cortical thickness over time may be due to measurement bias from the different scanner platforms and acquisition parameters. Four individuals (not part of the ADS sample), aged 23, 28, 35 and 36 were each scanned at BRI (locale of first MRI) and RCH (locale of second and third MRI) within a two-week period. The same acquisition parameters were used at each location to those described above, as well as the same semi-automated methods of data processing. Data from the inter-scanner reliability analysis was applied to the ADS sample using the descriptive procedure proposed by Lebel and Beaulieu 27 , in order to determine if the mean amount of change experienced by the study sample was likely to have occurred over and above that expected from scanner effects. We calculated standard deviations for four ROIs (Desikan atlas labels based on regions plotted in Figures 1 and 4 : right parahippocampal gyrus, right inferior temporal gyrus, right caudal middle frontal gyrus, right lateral orbitofrontal cortex) within each reliability subject based on their scores from the different scanners. A group average standard deviation was then calculated for each ROI (mean SD across all subjects). These values provide estimates of the measurement variability in each ROI that can be expected from scanner differences alone. The average SD data was applied to the ADS sample in order to determine the proportion (i.e., percentage) of subjects that experienced greater change (either increases or decreases) than the average SD. For each subject, change for each ROI was calculated using a difference score (i.e., cortical thickness for time 2 -time 1). Those with difference scores within 1 SD (determined from the reliability study) were considered to not change, while those with difference scores greater than 1 SD were considered to experience true change (over and above scanner effects). When the majority of subjects (i.e., >50%) experienced longitudinal change over and above that expected from scanner effects, this is taken as evidence that changes in cortical metrics identified by the mixed models in our previously reported results (Nandi ref) was reliable. The results from the ADS sample are presented in eFigure 2, indicating that for each ROI the majority of individuals (>50%) experienced greater cortical change over time than could be attributed to inter-scanner variance alone based on the reliability estimates. Similar results for other cortical ROIs have been previously reported by Vijayakumar et al. 28, 29 , and for subcortical volumes have been previously reported by Dennison et 
